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Morphometry and fluid reabsorption during peristaltic flow in
hamster renal papillary collecting ducts
BODIL SCHMIDT-NIELSEN and LARRY N. REINKING
The Mount Desert Island Biological Laboratory, Salsburv Coi'e, Maine
Morphometry and fluid reabsorption during peristaltic flow in hamster
renal papillary collecting ducts. Previously we have shown in rodents
that when the renal pelvis is left intact, urine moves as discreet boluses
in a pulsatile fashion through the papillary collecting ducts. At low urine
flow rates, conditions were observed that seemed to be unfavorable to
fluid reabsorption: (1) rapid urine linear velocity, and (2) the apparent
absence of urine in the papillary collecting ducts for as long as 95% of
the time. The present study used this established data on the nature of
urine movement in the papillary collecting duct, plus new morphomet-
nc analysis to determine fluid reabsorption rates from the papillary
collecting ducts in hamsters. Total cross sectional areas and circumfer-
ences of collecting duct lumina were measured in fixed renal papillae
from diuretic and antidiuretic hamsters. In addition, the diameters of
collecting ducts in vivo were determined from movies of papil!ae during
peristaltic flows. The average diameter of collecting duct lumina on
fixed tissue at various distances from the tip were found to be similar to
the diameters of collecting ducts measured on the medullary papillae
and independent of urine flow rate. Total luminal collecting duct wall
area and total volume of collecting ducts in a l00-g hamster were
calculated. In the last millimeter of the papilla. the average wall surface
area was 3.13 mm2, and the average total collecting duct volume was
23.12 nI. To calculate fluid reabsorption from the final millimeter of
papillary collecting ducts, we estimated urine flow rate through the
cross sectional area at 1.0 mm from the tip. In eight hamsters with an
average urine flow rate of 1.00 0.07 ibminl00 g of body wt
average fluid reabsorption rate was estimated to be 1.21 0.28 111
minl00 g of body wt (N = 8). Using the above figure for the luminal
wall area of collecting ducts, we estimated that the hydraulic coefficient
of 30 nlcm2minmOsm previously measured is at least an order of
magnitude too low to account for this reabsorption rate.
Morphometrie et reabsorption au cours de l'écoulement peristaltique
dans tes canaux coliecteur médullaires de Ia papille renale du hamster.
Nous avons montré antérieurement que chez les rongeurs dont le
bassinet est intact l'urine s'écoule dans les canaux collecteur papillaires
par petits embols d'une facon pulsatile. A debit urinaire faible il a Cté
observe des conditions défavorables a Ia reabsorption: (1) une vClocitC
linéaire de l'urine élevée, et (2) l'absence apparente d'urine dans les
canaux collecteurs papillaires pendant une fraction de temps allant
jusqu'à 95%. Ce travail utilise les observations acquises sur Ia nature du
mouvement de l'urine dans Ic canal collecteur papillaire ainsi qu'une
analyse morphometrique du debit de reabsorption dans Ic canal collec-
teur papillaire du hamster. La surface et al circonfCrence de Ia lumiCre
du canal collecteur ont été mesurées sur des papilles fixées provenant
d'animaux diurétiques et non diuretiques. De plus. les diamètres des
canaux collecteurs in vivo ont été déterminés a partir de cine-enregis-
trement de Ia papille au cours de l'écoulement peristaltique. Le
diamètre moyen de Ia lumiëre du canal collecteur sur des tissus fixes a
des distances différentes de Ia pointe de Ia papille est semblable au
diamCtre des canaux collecteurs mesuré sur Ia papille mCdullaire et
independent du debit urinaire. La surface parietale totale de canal
collecteur et Ic volume total des canaux collecteurs d'un hamster de 100
g a été calculé. Dans le dernier millimetre de Ia papille. Ia surface
parietale moyenne est de 3.13 mm2 et Ic volume total moyende 23,13 nI.
Pour calculer Ia reabsorption totale dans le dernier millimetre de canaux
collecteurs papillaires. on a Cvalué Ic debit urinaire a travers Ia section a
1,0 mm de Ia pointe de Ia papille. Chez huit hamsters dont Ia debit
urinaire moyen était de 1,00 0,07 ibmin100 g poids corporel Ia
reabsorption moyenne évaluCe était de 1,21 0,28 p.lmin' 100 g poids
corporet' (N = 8). L'utilisation de ces valeurs pour Ia surface laminale
des canaux collecteurs permet d'indiquer que le coefficient hydraulique
de 30 nlcm2minmOsm, antérieurement mesuré est dau moms un
ordre de grandeur trop faible pour rendre compte de debit de reabsorp-
tion.
In the past, measurements of fluid reabsorption in the papil-
lary collecting ducts have been made by micropuncture on renal
papillae of rodents after removal of the renal pelvic wall [1, 2j.
It is well known that removal of the pelvic wall decreases the
solute concentrations of the papilla [31 and reduces urine
osmolality [41.
Recently, we have shown in rodents that when the renal
pelvic wall is intact, urine flows as discreet boluses in a pulsatile
fashion through the papillary collecting ducts [5]. This discon-
tinuous flow of urine is due to the milking action of the
peristaltic contractions of the renal pelvic wall, which pushes
the urine through the papillary collecting ducts at the rate of the
peristaltic wave. At low urine flow rates, the average linear
velocity of the urine in the collecting ducts is up to sixteen times
the velocity that could be assumed for a continuous flow.
Consequently, the time the collecting ducts are in contact with
urine (contact time) is reduced proportionally. These new
findings raise some interesting questions: (1) How much reab-
sorption of fluid actually takes place in the papillary collecLing
ducts during peristaltic flow and (2) can the osmotic driving
force for this reabsorption be calculated? The first question can
be answered for the hamster from the data obtained previously
on contact time and urine flow [Sj, if we also know the cross-
sectional areas of the combined collecting duct lumina at
different levels of the renal papilla. To estimate the osmotic
driving force it is necessary in addition to know the hydraulic
permeability coefficient for fluid transport across the collecting
duct wall and the total luminal wall surface area of the collecling
ducts in the renal papilla.
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Table 1. Total collecting duct cross-sectional area in diuretic and antidiuretic hamsters°
Areas at given distances from papilla tip
N Body wt g At 0.1 mm At 0.5 mm At 1.0mm
Diuretic 2 97.0 3.0 0.0096 0.00002 0.0231 0.0027 0.0439 0.002!
Antidiuretic 3 81.3 1.2 0.0100 0.0010 0.0204 0.0023 0.0496 0.0076
Total 5 87.6 4.0 0.0098 + 0.0004 0.0215 0.0016 0.0473 0.0046
Values are the means SEM. No significant difference between diuretic and antidiuretic hamsters was found. No relationship between body
weight and collecting duct cross-sectional areas was found.
In the present study, we have determined these areas on fixed
renal papillae from hamsters and also determined the diameter
of collecting duct lumina in vivo from movies of renal papillae
with intact renal pelvis. This information coupled with data
from other studies has allowed us to calculate fluid reabsorption
rates in the papillary collecting ducts and to make estimates of
the magnitude of the osmotic driving force responsible for this
fluid movement.
Methods
Five Syrian hamsters (body wt, 79 to 100 g), fed a normal
laboratory diet (Jackson Laboratory #96), were used for prepa-
ration of histological sections. Hamster 1 was made diuretic by
stomach intubation of distilled water (3% of body wt) 1.5 and
0.5 hours prior to sacrifice in carbon dioxide (final bladder urine
osmolality = 400 mOsmkg H20 '). Hamster 2 was anesthetized
with mactin (150 mgkg of body wr') and infused with 10%
mannitol (50 ilmin) through the jugular vein for 24 mm, at
which time the urine flow rate had risen to 34 1min and the
urine osmotic concentration had fallen to 500 mOsmkg H2O.
Hamsters 3, 4, and 5 were deprived of water for 18 hours and
were then killed in carbon dioxide (average bladder urine
osmolality = 3005 116 mOsmkg H2O). At the end of each of
these five experiments, the kidneys were removed immediately
and the papillae were fixed as described below.
The renal papillae of hamsters I and 2 were fixed in 4°/
glutaraldehyde in 0.2 M sodium cacodylate at a pH of 7.4
(because the animals were in diuresis, this fixative was proba-
bly not hypoosmotic to the tissue). The papillae from hamsters
3, 4, and 5 were fixed in the same fixative but with glucose
added to bring the osmolality of the fixative to 2000 mOsmkg
H2O prior to the addition of glutaraldehyde. All papillae were
fixed for 24 hours; then they were washed for 8 hours in 0.2 M
sodium cacodylate with a rinse every 2 hours followed by
postflxation in IC>/ osmium in 0.2 M sodium cacodylate at 4° C'
for 90 mm. Next the tissue was washed three times in water and
dehydrated in graded strengths of ethanol. Following a final
wash in propylene oxide, they were placed in dilute Epon for 12
hours and then embedded in Epon 812. The papillae were
sectioned perpendicular to the collecting ducts. Sections, 1-gm
thick, were cut on an LKB Ultratome and stained in 1%
methylene blue with 1% azure 11 in 1% sodium borate.
Complete cross-sections of the papillae were photographed
and printed at a magnification of x230. In hamsters I and 2,
prints were made of sections about 0.2 mm apart, starting 0.1
mm from the papilla tip and continuing to 1.7 mm. In hamsters
3,4, and 5, prints were made only of sections 0.1, 0.5, and 1.0
mm from the papilla tip.
From these prints, the entire cross-sectional areas of the
papillae were cut out and weighed. Then the lumina of all
collecting ducts were cut out, counted, and weighed together.
The sums of these areas were calculated from their weight, the
weight of a known area of photographic paper, and the magnifi-
cation, and were expressed in square millimeters. The average
collecting duct lumen diameter for each section was then
calculated from this data (Table 1). The cross-sectional areas
and circumferences of collecting duct lumina were also mea-
sured on the prints from hamsters I and 2, using a planimeter
(Houston Instrument Digitizer connected to a minicomputer,
Digital PDP-l 1-03). In the sections 0.1 and 0.3 mm from the tip,
each collecting duct was measured; in the other sections all of
the collecting ducts in a pie-shaped area of the cross section
were measured. The sum of the circumferences or areas of all
the collecting ducts measured was then divided by the number
of collecting ducts measured and multiplied by the total number
of collecting ducts in the section. (The areas measured by the
two methods were not significantly different in any of the
respective sections (P > 0.5). showing that the pie-shaped area
counted was a reasonable representation of the whole cross
section).
In seven male hamsters (body mass, 79 to 100 g), the
diameters of the lumina of superficial papillary collecting ducts
were measured in vivo with the renal pelvis intact, Following
anesthesia, the urine of these animals was given a contrasting
color with a continuous, i.v. infusion of lissamine green in
saline. Peristaltic flow of the urine in the papillary collecting
ducts was then filmed for analysis (for details, see Ref. 5).
Movie films were directly observed with a dissecting micro-
scope (x46), and luminal diameters were measured with a
calibrated ocular micrometer. Individual collecting ducts were
observed at a given distance from the papilla tip, and luminal
diameters were measured at five frame intervals (filming speed,
24 framessec'). The collecting duct diameter was then ex-
pressed as the mean of the measurements made during the
peristaltic flow.
To estimate the luminal wall surface area of the collecting
ducts, we plotted the sums of the circumferences of all of the
collecting duct lumina in each cross section against the distance
from the tip of the papilla. The equation giving the best fit for
this function was then determined; the area under the curve was
determined by integration.
The volume of the collecting ducts can be estimated in a
similar fashion. The volume must be equal to the cross-
sectional area times the thickness of the section. Therefore, the
cross-sectional areas were plotted against the distance from the
tip. The equation for the best fit was determined, and the area
under the function was found by integration. Throughout the
paper results are reported as the means SEM.
Results
Examples of histological sections from the hamster renal
papilla are shown in Figures I, 2, and 3. This type of section
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Fig. 1. Cross sections of renal papilla of Syrian hamster (#2) in mannitol diuresis. Magnification x 130 for all four sections. A shows total cross sec-
tion at 0.3 mm from the tip of the papilla, B, a part ofa cross section at 0.9mm from the tip, C, 1.7 mm from the tip, and D, 2.3 mm from the tip The
reduction in size and increase in number of collecting ducts with increasing distance from the tip can be seen clearly.
was used for the measurement of the collecting duct lumen over the distance. The increase in area was due to an exponen-
cross sectional areas and circumferences at different distances
from the papillary tip. The measurements from the two diuretic
hamsters are shown in Figures 4 and 5. At 0.1 mm from the tip
of the papilla, the sum of the luminal cross-sectional areas was
0.0096 mm2; at 1.7 mm from the tip, it was 0.128 mm2. Thus, the
sum of the luminal cross-sectional areas increased 13.3-fold
tial increase in numbers of collecting ducts with increasing
distance from the tip (Fig. 6), whereas the average lumen area
of the collecting ducts decreased from 0.00 19 mm2 at 0.1 mm to
0.00042 mm2 at 1.7 mm from the tip.
The measurements from the two diuretic and three antiditiret-
ic hamsters are compared in Table 1. There is no significant
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Fig. 2. Cross Sections of renal papilla of Syrian hamster (#2) in mannitol diuresis. Magnification x550. A shows 0.3 mm from the tip, B, 0.9 mm
from the tip, C, 1.7 mm from the tip, and D, 2.5 mm from the tip.
difference between the collecting duct luminal area in the fixed
kidneys of the diuretic and antidiuretic hamsters.
Data from the movie film analyses suggest that the urine
boluses moving through the papillary collecting ducts quickly
open the collecting duct lumina to full size. During a peristaltic
cycle, the papillary collecting duct diameter increased rapidly
to a maximum (in about 0.3 sec, which can also be seen from
Fig. 8), plateaued for a period of time, and then rapidly
decreased. The average superficial papillary collecting duct
diameters, during peristaltic flow, are in good agreement with
the average collecting duct diameters determined from the fixed
papillae cross sections (Fig. 7). Also, the average diameter of
the collecting ducts during peristaltic flow was independent of
urine flow rate (N = 8, r = 0.216, P >0.1; range of urine flow,
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Fig. 3. Cross sections of renal pupil/a ojan untidiuretic Syrian
hamster. Magnification x 187 for all three sections. A shows
total cross section at 0.1 mm from papilla tip, B, a part of a
cross section at 0.5 mm from tip, and C, at 1.0 mm from tip.
0.6 to 3.12 lminI00 g body wr'). Thus, the dimensions of
fixed collecting ducts from diuretic and antidiuretic hamsters
are reasonable approximations of the mean collecting duct
diameters that occur during natural peristaltic flow in the ducts.
The total luminal wall surface areas of the collecting ducts as
calculated by integration (between 0 and 1.0 mm from the tip,
Fig. 4) were 3.01 mni2 for hamster I, and 3.24 mm2 for hamster
The volume of the collecting ducts when fully open was
calculated by integration of the function shown in Figure 5. In
hamster 1 the total volume from 0 mm to 1.0 mm from the tip of
the papilla was 21.96 nI, and in hamster 2 it was 24.28 nI.
Discussion
From the present data together with previously obtained data
[5], one can estimate the flow rate in the papillary collecting
ducts because
cross sectional area x velocity x fractional contact time =
flow rate
When this flow rate is known, the rate of fluid reabsorption in
the papillary collecting ducts below the cross section can be
calculated as collecting duct fluid flow rate — urine flow rate =
reabsorption rate.
The definition and reliability of each of the measurements are
discussed below.
The cross-sectional areas of the papillary collecting duct
lumina were measured on fixed tissues from hamsters in
diuresis and antidiuresis. The lack of difference in collecting
duct lumina between diuretic and antidiuretic hamsters indi-
cates that the collecting ducts are open to the same degree in
tissue fixed after the kidneys have been removed, regardlecs of
urine flow rate prior to removal.
There was good agreement between the diameter of collect-
ing duct lumina measured on the fixed tissues and the diameter
measured on the living papillae during normal peristaltic flow. It
was further seen (in vivo) that the average lumen of the
collecting ducts, while the bolus was moving through, was the
same at all urine flows measured (between 0.5 to 3.12 lmin'
100 g body wr'). This indicates that the collecting ducts are
open to the same degree whenever a urine bolus is moving
through or whenever the papilla is cut out and no longer under
the influence of the peristaltic contractions of the pelvic wall.
We therefore think that the cross-sectional areas measured on
the fixed tissue can be used in estimating flow through the
collecting ducts.
The question could still be asked if superficial collecting
ducts seen in vivo and recorded on film represented the
collecting ducts in the center of the papilla. It was possible that
the collecting ducts in the center of the papilla did not empty
during the peristaltic wave or did not fill when the bolus moved
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Fig. 4. Hamsters / and 2: Sum of cir-
cumfrrences of papillary collecting duct
lumina at different distances from the
tip. Using the equation for the best fit,
the area under the curve can be calcu-
lated. This area represents the total lu-
minal wall surface area of the papillary
collecting ducts. The area between X1
and X2 (mm2) in hamster I (A) is
(l.lOOe1763 X2 — l.lOOe'763 XI) ÷ 1.763,B and in hamster 2 (B), (l.001e2°2° X2 —
I I l,tJOle2°2° XI) ÷ 2.020.
.1 .3 .5 .7 .9 1.1 1.3 1.5 1.7
Distance from papilla tip, mm
.3 .5 .7 .9 1.1 1.3 1.5 1.7
Distance from papilia tip. mm
Fig. 5. Hamsters / and 2: The sum of
collecting duct Inmnen areas in cross
sections of the papil/a at different dis-
tances from the tip. The volume of all
of the collecting ducts can be calculated
as the area under the curve. The col-
lecting duct volume between X and X2
(mm3) in hamster 1(A) is (0.0099e'43°
X:
— 0.0099e143° XI) 1.430, and in
hamster 2 (B), (0.01 be'426 x2
0.Olboe'426 XI) ÷ 1.426.
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through. This question has recently been answered in a series of
stop-action fixation experiments on antidiuretic hamsters (and
in preparation). immediately following the peristaltic contrac-
tion when collecting ducts appeared empty, as viewed through
the microscope, all (centrally as well as superficially located)
collecting ducts in the renal papilla were found to be fully
closed. In contrast, when flow was stopped and the papilla fixed
at exactly the time the urine bolus was seen to move through, all
collecting ducts were found to be open.
.1 .3 .5 .7 .9 1.1 1.3 1.5 1.7
The velocity should represent the average velocity of the
urine bolus moving across the sum of the collecting duct lumina
at a specified distance from the papilla tip.
The velocity of the trailing edge of the bolus is quite constant
and independent of urine flow rate. The urine is actually
propelled through the collecting ducts by a peristaltic wave in
the pelvic wall, which leaves all collecting ducts behind it
empty. This edge is clearly definable when the papilla is viewed
under the microscope and on the movies [5]. its velocity was
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measured to be 95 5 mmmin*
The question is if this velocity corresponds to the average
velocity of the entire urine bolus. At low urine flow rates
(around 1 lmin100 g body wr'), the velocity of the leading
edge of the urine bolus is indistinguishable from that of the
trailing edge 5j. Consequently, we can assume that the entire
urine bolus moves with this velocity.
At higher urine flow rates, the leading edge has a lower
velocity than does that of the trailing edge. The leading edge is
most clearly defined in the upper part of the renal papilla (that
is, around 1 mm from the tip) as can be seen in Figure 8. As the
fluid moves through a decreasing number of tubes with a
decreasing total cross sectional area, some ducts fill earlier than
others, and we can no longer define a leading edge. But, it is
possible to measure a velocity in the upper part of the papilla.
From Figure 8 it can be calculated that this velocity is 27.8
mmmin. Similar measurements have been made from other
films where velocities of 25 to 30 mmmin have been mea-
sured. This difference in velocity of leading and trailing edge is
due to the fact that between pelvic peristaltic contractions,
urine (if the urine flow is high enough) flows into the papillary
collecting ducts at a velocity determined by the rate of the urine
formation, a velocity which may be substantially lower than
that of the trailing edge. This is particularly noticeable at urine
flow rates above 2 lmin' 100 g body wC'. The difference in
velocity between the leading and trailing edges makes it impos-
sible to determine the average velocity of the urine bolus at
higher urine flow rates. All that can be said is that it must be
lower than the velocity measured at the lower urine flow rates.
Contact time in the equation represents the fraction of time
the collecting ducts at about I mm from the tip of the papilla are
Distance from papilla tip, mm
Fig. 7. Comparison between measurements of diameters of indiv,dual
collecting ducts from living papillae and measurements of average size
of collecting ducts from fixed papillae of diuretic hamsters. The white
columns represent the in vivo observations (± SEM). The measurements
were made on films recording the peristaltic flow through papillary
collecting ducts in hamsters with intact renal pelves. The upper nwnber
gives the number of animals, the number below gives the total number
of measurements. The shaded columns give the average collecting duct
diameter calculated from the fixed tissues. A mean was computed for
the sections 0.5 and 1.0 mm from the papilla tip with data from five
animals. Thus, the SEM shown represents variation between animals.
The values for the remaining shaded bars were taken from the curves
shown in Fig. 5, and hence no standard errors are shown. From the
planimetry measurements of individual collecting ducts in each section,
the variability in collecting duct diameter within a section could be
computed. The average standard deviation in these sections was 8 mm.
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Fig. 6. Hamsters / and 2: Number of
collecting ducts and average lumen di-
ameter. Number of collecting ducts in
each cross-sectional area and the aver-
age collecting duct lumen diameter in
the two hamsters are plotted against
distance from the tip.
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Fig. S. Film sequence showing filling of collecting ducts. Part of a hamster renal papilla is shown on these frames taken from a 16-mm color film.
The renal papilla within the intact pelvic wall was transilluminated with a fiber optic tight. Time elapsed is shown under each frame. Note that the
leading edge in the upper part of the papilla is welt defined (0.0 to 0.25 see), but as the urine moves further clown the papilla (0.41 sec), the front be-
comes more uneven and some deeper collecting ducts fill before the superficial. The leading edge of the urine in the individual collecting ducts can
be measured in the upper part of the papilta using the branching vein (see as a gray shadow) on the left side of the pelvis for reference point. The ve-
locity measured on three collecting ducts was 278 2.1 mmmm, urine flow rate was 3,4 tilmin lOOg of body wt', and the contact time was
75%.
Time: 0.0 sec.
0.246 0.287
0.410 0.451
0.615 0.656 0.697 fl73R
0.041 0.0 82 0.123
0.328 0.369
0.492 0.533
in contact with urine. In the previous study [5], the contact time
was found to be directly proportional to urine flow rate in the
range of 0.5 to 3.8 tilminl00 g body wt '. The contact time
can easily be measured in vivo under the microscope and on the
film records. As can be seen on Figure 8, the filling of the
collecting ducts is clearly visible.
Fluid reabsorption in the papillary collecting ducts. At 1.0
mm from the papilla tip, the average total cross-sectional
luminal area of the collecting ducts was estimated in the present
study to be 0.0473 0.0046 mm2 for one kidney or 0.0946 mm2
for the two kidneys in a hamster of approximately 100 g in body
wt (Table 1). In Table 2, this figure has been used together with
data obtained in the preceding study to calculate the reabsorp-
tion rate across the collecting duct epithelium from individual
hamsters where urine flow rate, velocity of urine bolus in the
collecting ducts, and contact time were all measured. Experi-
ments where urine flow rates were 1.25 lmin' 100 g of body
or lower are included, because only at low urine flow rates
is the linear velocity of the entire bolus approximately equal to
that of the trailing edge of the bolus. The average reabsorptive
rate at these low urine flow rates was 1.21 0.28 izlminl00 g
body wr' (N = 8), and the average fractional reabsorption was
50.0 6.3%. Oliver, Roy, and Jamison [71 have recently
performed micropunctures on collecting ducts before and after
removal of the renal pelvic wall (called ureter by the authors) in
rats. Before removal of the pelvic wall, inulin U/P rose from 93
12 to 168 33 between papilla base and tip. This means a
fractional fluid reabsorption of 45%, a figure quite close to that
calculated from our observations.
At higher urine flow rates with a lower average bolus
velocity, calculations indicate a lower fractional reabsorption in
the collecting ducts.
Driving force for fluid reabsorption. It is generally assumed
[8, 9] that the driving force for the reabsorption of fluid from the
medullary collecting ducts is the effective osmotic gradient
across the collecting duct epithelium. In this case, where we
can estimate the amount of fluid being reabsorbed as well as the
contact time in the collecting ducts, it should be possible to
calculate the effective osmotic gradient necessary to remove
this amount of fluid if we know the hydraulic coefficient and the
total luminal wall area of the papillary collecting ducts.
The hydraulic permeability coefficient has been measured in
vitro in rats to be 30 nI mm cm2mOsm [10, 11]. In the
hamster, the luminal wall surface area of the ducts in the lasi 1.0
mm is 3.13 mm2, or 6.25 mm2 for the two kidneys. If the
hydraulic permeability is the same in the hamster, this gives a
reabsorption rate of 1.88 nI minmOsm . At a urine flow of I
lmin, the average fractional contact time was 0.241 (Table
2), which would permit a reabsorption rate of only 0.45 nI min
mOsm . The true reabsorption rate, however, was 1.21 j.l or
1210 nlmin. Thus, the osmotic gradient would have to be 2700
mOsmkg H2O. The fact that this value is entirely too high to
be reasonable indicates either that the hydraulic permeability
coefficient is different in rats and hamsters or that the coeffi-
cient measured during in vitro conditions may be one or two
orders of magnitude too low. The hydraulic permeability of a
tubule changes with perfusion rate and pressure [12]. It is quite
possible that the hydraulic permeability of the collecting ducts
near the tip of the papilla changes dramatically as the pressure
generated by the peristaltic wave forces the urine through the
ducts. This pressure has been measured to be about 7 cm H20
[13].
The volume of papillary collecting ducts has not previously
been measured. From the present determinations of cross-
sectional areas of collecting duct lumina, it was possible to
estimate the papillary collecting duct volume when the ducts
are fully open. This information, together with the measured
contact times, may be useful in other studies dealing with
volume estimates [14].
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Estimate of fluid reabsorption in the last millimeter of collecting ducts in the renal papilla using the average value of 0.0946 mm2 for
the sum of cross-sectional luminal areas of all collecting ducts 1.0 mm from papilla tip
Percent fluid
reabsorption in last
mm of papillary
Estimated flow in all collecting duc:ts
Linear velocity of Fractional contact time collecting ducts 1.0
Urine flow rate (V1) urine bolus 1.0 between collecting mm from tip (V2) 2
p.lminlOO g mm from tip ducts and urine bolus pJmin '/00 g \ V2
of body wt m,nmin at 1.0mm from tip of body ut '
Mean SEM
0.59 100.2 0.250 2.37 75.1
0.87 90.0 0.166 1.41 38.4
1.00 94.8 0.192 1.72 41.9
1.00 96.8 0.142 1.30 23.1
1.06 72.6 0.312 2.14 50.5
1.08 99.6 0.352 3.32 67.4
1.17 105.0 0.191 1.90 38.3
1.25 118.8 0.321 3.61 65.4
1.00 97.1 0.241 2.22 50.0
±.07 ±4.6 ±0.028 ±0.30 ±6.3
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